Beam Transfers

Valeri Lebedev DOE Review,
FNAL October 28-30, 2002

Talk outline

1. The status of beam transfers and the scope of the project

2. Sources of emittance growth
a. Emittance growth due to injection oscillations
b. Emittance growth due to betatron and dispersion mismatch
c. Emittance growth due to X-Y coupling

3. MI to Tevatron transport for proton and antiproton beams

4. Accumulator to M1 transport for 8 GeV antiproton beam

5. Transport from M1 to the pbar production target

6. Improvements in reproducibility and reliability

Conclusions
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1. The Status of Beam Transfers and the Scope of the Project
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The layout of transfer lines
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" Transfersto be improved

» Pbar transfers
- From Accumulator to MlI, 8 GeV
- From MI to Tevatron, 150 GeV
» Proton transfers
- from M1 to Tevatron, 150 GeV
- from MI to target, 120 GeV

" Problems

> Injection oscillations
- Monitoring
- Orbit closure correction
- Damping
» Optics
- Measurements
- Correction




Antiproton emittancesin Accumulator and Tevatron (Shot 1836, 10/09/02, 33-10* cm™*s™)
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Pbar beam emittance variations during shots

Initial Fina
Time, min 0 17
Accum. Beam Current, mA 143 11
Accum. hor. emittance, mm mrad 10.9 2.9
Accum. vert. emittance, mm mrad 3.8 1
Tot. pbar Dp/pin 8 GeV line +.037% | £.063%
Transfer eff. to Tev. at injection 74%
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Antiproton emittances after acceleration to 980 GeV
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Proton and antiproton emittances at collisions

The average antiproton emittances
» 6 mm mrad —in accumulator
» 17 mm mrad after acceleration in Tevatron

» 23 mm mrad — at collisions
Transfer efficiency from Acc. to HEP - 68%
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Antiproton emittancesin Accumulator and Tevatron (continue)

"~ The balance of the emittance growth
» Transfer from Accumulator to Ml ~2 mm mrad
» MI acceleration + coalescing ~2 mm mrad
» Transfer from M1 to Tevatron ~7 mm mrad

(6+2+2+7=17)+(Beam-beam ~57?) ~22 mm mr ad
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Status and projectionsfor the beam transfers

Line Energy October 2002 Goal (~June 2003)
[GeV] | e./e;, | Transfer | e,/ e;, | Transfer
[mmmrad] | efficiency | [mm mrad] | €efficiency
Accumulator to Ml, B AP3-P1 8 6/8 97% 718 >99%
MI to Tevatron, p Al 150 10/17 | 99% | 10/12 99%
MI to Tevatron, p P1 150 21/24 99% 21 /23 99%
MI to thetarget, p P1-AP3 120 Beam size at target | Beam size at target
s =200 mm s =130 Mm
* e (e+e)/2; ** 170 mA pbar stack;
*** calibration uncertainty ~3-5% 1
- Pick luminosity rises with emittance decrease due to ;
» Beam current increase due to increase of beam life ome
time at the injection and top energies sl | _
» Smaller beam size at collisions 20 mm mrad

" Presently, major contribution to the antiproton beam
emittance growth comes from the beam transfers
» Accumulator to MI transfer was improved in Feb.02
» MI to Tevatron transfer for antiprotonsis amajor
Issue for thisfall. First resultsare already visible.

Reducing pbar emittance in the Tevatron from ~20 mm mrad to ~12 mm mrad should decrease
the beam loss at the acceleration and squeeze from ~12% to ~2%
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2. Sources of emittance growth

a. Emittance Growth due to I njection Oscillations

2

1 1x
e¢:e+—(bxcl':2 +2axx¢+g><2) or et=g + = Zmax
2 2 b
Present performance Goal
by / by AxlAy De,/Dey A, [mm] | A, [mm] De
[m] [mm] [mm mrad] no damper | with damper | [mm mrad)]

Accumulator toMI, | 55/55 1-2 05-2 <0.7 3 <0.25
P
Ml to Tevatron, p | 103/62 | 05-1 | 12-47/19-7.7 | <0.25 1.5 <05
MI to Tevatron, p 103/62" | 0.25-0.5 | 0.3-1.2/0.48-1.9 | <0.25 1.5 <0.5

* beta-functions at Tevatron BLT

" Sources of injection oscillations
» Initia injection errors

» Shot-to-shot field variations in dipoles, dipole correctors and kickers
» Bunch-to-bunch field variations in correctors for both pbar transfers
" Waysto implement good quality of transfers
» Orbit closure before colliding bunches are injected
» Orbit closure correction for every new injection
- Injection damper in the future

" Turn-by-turn BPM measurement for every injected bunch confirmstransfer quality
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| njection oscillations in Tevatron measured by the scope based BLT (M cGinnis)
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Amplitude of Corresponding é \tj
oscillations emittance growth Sv
[mm] [mm mrad] :
Hor. Vert. Hor. Vert. Vertical
Protons 1 0.5 4.6/2=2.3*| 2/2=1*
Antiprotons 1 0.7 4.6 3.7

* factor of 1/2 appeared because the horizontal motion of protons (above picture) is excited by X-Y coupling
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| njection dampers

Maximum | Damping | Decoherence| Emittance De
initial time, time, growth [mm mrad]
Transfer type oscillations | Ngamp Ngecon suppression,
[mm] [turns] [turng] Kk
Accumulator to M, B 3 70 >200 0.1 <04
MI to Tevatron, p & 6 1.5 30 >200 0.03 <05
.2 2
De=kDe, ., k»ioem® o —18%m
gNdecth. 2 b
Main parameters of Tevatron injection damper
Type Bunch-by-bunch
Kick duration <200 ns
Bunch frequency 2.5 MHz
Peak power 5 kW
Beta-function at kicker [m] 80
Kicker length 1m
Kicker gap 7.5cm

Tevatron damper is expected to be commissioned in March-April 2003
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2. Sources of emittance growth (continue

b. Emittance Growth due to Betatron and Dispersion Mismatch
Emittance growth from alattice with by, a;, D; and D{ to alattice with b, a,, D, and DY is

L g 2 - 2 0
e¢:93€'i[1+a22]+&[1+a12]- 24,2422 G, (Dg- DY? +2a,(Dg- DH(D, - D1)+(D°—D1)(1+azz)i
28D, b, z 2 b

2 17}

Emittance growth due single quad focusing
error at zero dispersion

Requirementsfor dispersion
mismatch for M| to Tevatron
transfer

" Differential orbit measurements allow seeing
focusing errors of 1-2%.
> |t issufficient to tune the line focusing so that the
emittance growth would be below 10%.
» Further improvement is expected from online
tuning with orthogonal quads.

cs da 20 @ (bdF) 0
€ » el — i e+ ol 2 (s dp,, S0
[ S p max/ =
e, » el(}]_ + _
? 2b -
T T T T g max [}
115 F . 11
i e
€1 11 . [mm mrad] =100 m
105 [ = 105 s.=4" 10 4 |
l ! l
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'Qo02 10 Io 0|.5 1

dD,,ax [M]

" Dispersion mismatch below about 0.5
m does not produce significant
emittance growth
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2. Sources of emittance growth (continue)

c. Emittance Growth due to X-Y Coupling

Emittance growth for beam transfer from an uncoupled lattice with by, a4, by and a,, to a
coupled lattice described by by, aix, by, @1y, bax, a2, by @nd a,, with the eigen-vectors

? g blx l\il é b2xeinz l‘;l
€ i(l- u)+a, ¢ iu+a n, o
& lXu a- 2Xe 2 (]
\' _é blx ';I V —? V 2X u
1~ e b elnl u ’ 2 e b l:l
g +1y G é 1\’ §y+ G
é- u aly einlg @_ u azyg
b, ~ d S b, 4
is determined by the following equations;
=& A teA,
¢_
€, =€ Ay tEA,
b 2 0 1aby 1, 2 1 ¢
Ai -5 . (1- u)2+a x2 + = l+ax - 28 NG S == Y lu‘ +a Yl1+a 2a
1 Zgblx 1 ] bx [ ] 1 p Aiz ZE[ ly ] y [ ] 1y yQ
X 0 1ab 0
Pn = g [u +a2x] : [1+ax2]' 28,8, Ay = —y[(l u)’ +a2y2]+ﬁ[1+ay2]- 22,8,%
2 b2x x 4] 2 b2y by a
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Coupling Example: Very strong coupling in Main I njector
Uncoupled Lattice Coupled lattice GdL syss=15.2 kG (3% of general quad)
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Uncoupled L attice Coupled lattice

Tue Oct 08 14:52:54 2002 OptiM - MAIN: - D:\Optics\Tevatron\MI\ Tue Oct 08 14:53:41 2002 OptiM - MAIN: - D:\Optics\Tevatron\MI
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" Strong coupling is created by a weak skew quad
- because of small tune split (DQ=0.010 P 0.045)
= " Coupling strongly changes beta-functions and
turn-by-turn beam positions
" But it makes little change for the beam envelopes
and dispersions
"~ Thereis negligible emittance growth if e;=e;
£ e, =0.400>¢, +0.608>¢,
o e,’= 0,611, +0.403¢,

0 20 40 60 80 100
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3. M| to Tevatron Transport for Proton and Antiproton beams

Emittance growth measurementsfor the MI-Tevatron-M| beam round trip with
MI flying wires
“ This measurements does not rely on relative calibration of different emittance monitors
- More reliable measurements for the total emittance growth because the same deviceis
used for both measurements
- Cannot distinguish which transfer is responsible for the emittance growth
- M1 flying wires make more reliable emittance measurements because they are installed
at place with zero dispersion
" Emittance measurement allows one to observe the emittance growth but they do not
specify what kind if mismatch is responsible for the growth

- Statusin August 02 and Presently

Initial value | Final value, Aug.02 | Final value, Oct 02

[mm mrad] [mm mrad] [mm mrad]
Vertical emittance ~12 ~15 ~14=12+2
Horizontal emittance ~12 ~20 ~15=12+3

" Thegoal
» To reduce the round trip emittance growth below 2 mm mrad
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Results of Differential orbit measurementsfor Tevatron at pbar helix

Wed Sep 11 14:00:37 2002 OptiM - MAIN: - D:\Optics\Tevatron\TransferLines\A1l_150\Measurements\02Sep11\Tev03.0pt
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Differential closed orbit measurements in vicinity of FO
Tevatron section. Tevatron Lambertson position is marked
by vertical lines straight section
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Good coincidence between the
model and the measurements
» Measured horizontal dispersion
coincides with design within 10%
» Thereis considerable coupling at
pbar helix
D, »35cm

ymax

» Indirect evidence that the beam
envelopes coincide with the design
within 10%

Good quality BPM measurements

> Both differential orbit measure-
ments for correctors and energy
change exhibit that Tevatron BPMs
underreport actual beam
displacement by ~8%.

Used beam excitation

» Correctors 50 nrad

» Energy correction of 0.054%
corresponds to 80 Hz at
T:VFKNOB
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Results of Differential orbit measurementsfor Main | njector

Thu Sep 05 12:10:21 2002 OptiM - MAIN: - D:\Optics\Tevatron\TransferLines\P1_150\Measurements \02Aug31\MI_basic.
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0.35,

Decent coincidence between
the model and the
measurements

BPM measurements are good
in vicinity of proton
extraction point

> But there are large groups of
BPMs which do not make

i reliable measurements
/’C\Q - Weareinvestigating the

M \}W W \v.( \VZ{ tv V source of the problem
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Differential orbits in Ml before pr:)ton extraction point
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Constraints on opticsadjustmentsfor Al and Pl lines
" 8 power supplies - 8 parameters + limitations on beta-functions and power supply currents

Sat Oct 05 21:38:32 2002 OptiM - MAIN: - D:\Optics\Tevatron\Tra

Wed Oct 23 10:59:12 2002 OptiM - MAIN: - D:\Optics\Tevatron\TransferLines'
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A1 line optics introduced in Sep/30/02; first Final A1 optics; &l available power supplies

four quads are combined into two pairs ?r %i_ngepmddmt
6 independent parameters Inaependent parameters
<P P | mproved match for envelopes and dispersions

Small .b_eta-functl ons Match for vertical dispersion islimited by
Insufficiently good match for both > Constraints on currents of power supplies
dispersions > The growth of beta-functions
" Peak of thefirst turn vertical dispersion
mismatch in Tevatron is about 0.7 m. That
yields the emittance growth of 0.5 mm mrad
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Present status of Al line optics and plans

2002 OptiM-MAIN: -D:\Optics\Tevatron\TransferLines\AL_150\Measurements\02Sep28\MI_basic_
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First turn dispersions measured in Ml with reverse protons
before and after Sep.30 and Ml dispersions (bottom)
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Horizontal dispersion mismatch

was significantly decreased at

Sep.30 optics change

Currently dispersion mismatch

contributes

» De»0.5 mm mrad (DDy»0.7 m)

> Deyp»1.1 mm mrad (DDy»1.1 m)

New already tested optics

should reduce emittance growth

due to optics mismatch below 1

mm mrad

> Steps to establish New optics
Download new settings

Perform differential orbit
measurements

Analyze measurements and
correct the model. Match the
transfer line optics to measured
dispersions

Download corrections
Perform the fine tuning of
beam envelopes with
orthogonal quads and flying
wires emittance monitors
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Present status of P1 line optics and plans
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Focusing in P1 lineiswell

described by the model

Currently dispersion mismatch

contributes

» De»1.1 mm mrad (DDy»1.1 m)

» Dep»1.7 mm mrad (DDy»1.3 m)

Similar to Al line optics we

plan to introduce new optics

for P1line

> Better dispersion match

» It should reduce emittance
growth due to optics
mismatch below 1 mm mrad
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4. Accumulator to M1 transport for 8 GeV Antiproton Beam

Sun Oct 13 18:06:44 2002 OptiM - MAIN: - D:\Optics\Tevatron\TransferLines\AccToMNaccmi_jan02_6.opt

250
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' : tuned in the spring of 2001
1€~ DesgnhasD,* O at
4";/\“ injection into M|

/\ \A/ /\ » negligible increase of the
L" \/AM\/ A\f\/ \/ \/ \/

vertical emittance
o' U A MU

[m]

[m]

BETA X&Y
1 1
DISP_X&Y

T

\/ /Jﬂtﬂ \j/\ V4 /\ WO / De,=0.25 mm mrad

o BETAX BisP X pisPy sisis  |onizingradiation limit in
[T o T PO N Y 11 ¥ S T A I PO M VIt [ ¥ ATy Ay 0 My - T TR P O A T B B R T PR R . . .
Sun Oct 13 18:12:19 2002 OptiM - MAIN: - D:\Optics\Tevatron\TransferLines\AccToMNaccmi_jan02_6.opt A ntl proton murce bUI I dl nw

5]

constraints the beam intensity
» Long measurements
» Poor accuracy

" Limited accuracy of optics
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Accumulator to Ml transfer, e=6 mm mrad, Dp/p=0.063% > should decrease beam
envelopes
» and bring more reliable beam
transport
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5. Transport from M1 to the Pbar Production Target
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Optics was corrected and tuned at the
end of 2001

Design at target

»D,=0, D¢*0

» Sx= S, =185 nm for e=20 mm mrad
Measurements: s,» Sy »200 nm

We would like to decrease the beam
size on the target to about 130 nm

» To avoid aperture limitations in the
line we will need to make better

steering at the end of the line
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6. | mprovements in Reproducibility and Reliability

- 8GeV accumulator to MI transfers
» Introducing hysteresis protocol for AP1 and AP3 magnets
» Putting Hall probesinto afew AP-1quadrupolesto monitor short and longtime drifts
» Quadrupole pickup in Accumulator to monitor the beam envel ope mismatch
» Injection damper in Ml
- MI to Tevatron M| transfers
» Injection dampers
» Improvementsfor BLT
- Better resolution
- Additional software
= Bunch injection amplitudesin all 3 planes (X, y, 9)
* Bunch tunes
» Bunch chromaticities
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Conclusions

" Injections errors have been aleading reason of the antiproton beam emittance growth
» Introducing turn-by-turn measurements for every bunch injected into Tevatron allowed us
to improve orbit closure. That yielded significantly improvement for beam transfers
» Further improvements are expected with the orbit closure
» Tevatron injection damper (April 2003) will eliminate the problem and will make reliable
transfers
" First optics correction in Al line brought better transfers and luminosity increase
» Further optics improvements are expected to reduce the beam emittances by 1-2 mm
mrad for each transfer
» Stronger coupling in Accumulator can further reduce horizontal emittance and improve
transfer quality
"~ Only minor improvements can be done to reduce the collider filling time
» But significant improvements can be done
- to improve reproducibility and reliability of shots
- to shorten total shot setup time
We plan to carry out the most of transfer improvements by the middle of 2003
" Adding Recycler into collider operations
> will aleviate the Accumulator to M1 transfers due to additional cooling in Recycler
> will transfer many steps of shot setup from Accumulator to Recycler
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